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Photoelectron circular dichroism (PECD) is a highly sensitive enantiospecific spectroscopy for
studying chiral molecules in the gas phase using either single-photon ionization or multiphoton
ionization. In the short pulse limit investigated with femtosecond lasers, resonance-enhanced
multiphoton ionization (REMPI) is rather instantaneous and typically occurs simultaneously via
more than one vibrational or electronic intermediate state due to limited frequency resolution. In
contrast, vibrational resolution in the REMPI spectrum can be achieved using nanosecond lasers.
In this work, we follow the high-resolution approach using a tunable narrow-band nanosecond
laser to measure REMPI-PECD through distinct vibrational levels in the intermediate 3s and 3p
Rydberg states of fenchone. We observe the PECD to be essentially independent of the vibra-
tional level. This behaviour of the chiral sensitivity may pave the way for enantiomer specific
molecular identification in multi-component mixtures: one can specifically excite a sharp, vibra-
tionally resolved transition of a distinct molecule to distinguish different chiral species in mixtures.
1 Introduction
Enantiomer-specific spectroscopy of chiral molecules in the gas
phase1 is a dynamically evolving research field, where techniques
like e.g. microwave three-wave mixing,2–4 chiral-sensitive high
harmonic generation,5–7 controlled enantioselective orientation
with an optical centrifuge,8 or Coulomb explosion imaging for
absolute configuration determination9–13 have been developed in
recent years. Chiral signatures are also present in both the pho-
toion and photoelectron signal when chiral molecules are ion-
ized with circularly polarized light. Circular dichroism (CD) in
the ion yield has been investigated using resonance enhanced
multi-photon ionization (REMPI) in combination with mass spec-
trometry.14–19 Coulomb explosion imaging techniques have re-
cently allowed transient chirality to be investigated in the molec-
ular frame.20 In contrast to REMPI-based CD of the photoion
yield, which arises from weak interference effects between elec-
tric and magnetic dipole transition moments, the chiral signature
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of the photoelectron angular distribution after laser ionization
originates from an electric dipole interaction alone. In 1976, it
was theoretically predicted that the photoionization of optically
active molecules by circularly polarized light would give rise to
a substantial forward-backward asymmetry in the angular dis-
tribution of the photoelectrons.21 This effect, known as photo-
electron circular dichroism (PECD), was first demonstrated by
single-photon ionization of bromocamphor using a synchrotron
source in 2001.22 Subsequently, PECD was also demonstrated on
other bicyclic ketones using pulsed femtosecond table-top laser
systems to drive 2+1 REMPI.23,24 The angular distribution of
photoelectrons was measured using velocity map imaging.25–27
Multiphoton PECD has also been observed for methyloxirane28
and limonene.29,30 Because PECD has been observed when us-
ing single-photon ionization out of an achiral core-shell initial or-
bital,31,32 it has been interpreted as being largely a final state ef-
fect, strongly influenced by the long-range scattering potential.33
In contrast, PECD has also been observed for photoelectrons with
high kinetic energy above 500 eV resulting from a Fano inter-
ference.34 PECD is sensitive to the final vibrational level of the
cation,33,35,36 conformation of the molecule,36,37 and to subcy-
cle interactions with tailored bichromatic light fields.38,39
The underlying electric dipole interaction makes PECD very
sensitive to small changes in the amount of enantiomeric excess
(e.e.) and consequently the technique shows promise as a highly
sensitive analytical tool23,24,40–43 exhibiting sub one percent sen-
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sitivity.44 It is possible to measure enantiomeric excesses in multi-
component mixtures by recording mass-selected PECD spectra
with electron image-ion mass coincidence methods.45 This ap-
proach requires significant experimental effort so that alterna-
tive methods are desirable. For instance, PECD in high-resolution
REMPI in molecular beams using nanosecond laser systems could
be a promising spectroscopic approach as speculated previously
by Janssen et al.46 The technique permits vibrational resolution,
so that different chiral molecules in mixtures can be distinguished
by their vibrational features in the REMPI spectra. This has al-
ready been demonstrated in REMPI-CD experiments that have
taken advantage of high laser resolution to observe sign changes
when investigating REMPI-CD via different vibrational levels of
the intermediate electronic state47 or to distinguish different con-
formers.48 PECD spectra belonging to a certain molecular species
can also be recorded by ionizing via narrow, unambiguously as-
signed REMPI transitions. Of course, for these kind of experi-
ments rotational and vibrational degrees of freedom should be
cooled, which can be efficiently achieved using supersonic molec-
ular beams.
Recently, a femtosecond pump-probe setup was used to observe
picosecond dynamics in the 3s Rydberg intermediate state of fen-
chone, one of the typical benchmark molecules for PECD mea-
surements.49 The PECD value was found to vary on a picosec-
ond timescale. However, due to the large frequency bandwidth of
the femtosecond laser pulse (30 meV), no vibrational resolution
could be achieved. In other studies on fenchone, the dependence
on intermediate electronic state and photoelectron kinetic energy
has been investigated.30,50 This information provides valuable
benchmarks for emerging theoretical descriptions of multiphoton
PECD,24,51–55 and coherent control approaches.56
In this contribution we demonstrate partially vibrationally
resolved multiphoton PECD of fenchone, obtained by high-
resolution 2+1 REMPI via intermediate Rydberg states with
a nanosecond pulsed dye laser system. Earlier we observed
nanosecond-pulse PECD without vibrational resolution with the
help of a frequency tripled Nd:YAG laser.57 Experiments are sup-
ported by theoretical modeling of the electronically excited states’
vibrational level structure. In the low-energy region of the 3s
state, the features observed in a previous 2+1 REMPI spectrum50
can be assigned to single vibrational eigenstates. As the photon
energy is increased, the density of vibrational states increases
rapidly and intramolecular vibrational redistribution (IVR) dy-
namics of the vibrational wavepacket that is excited on the 3s
Rydberg state become important. We do not observe significantly
different PECD values when ionizing fenchone either via a re-
solved eigenstate or via a wavepacket made up of many strongly
interacting vibrational levels. Hence, the vibrational character
of the intermediate 3s Rydberg state does not substantially influ-
ence the PECD of fenchone after 2+1 REMPI. This work is the
first demonstration of PECD employing tunable dye laser systems
providing vibrational resolution. The approach presented here
based on high-resolution REMPI spectroscopy has the potential to
facilitate enantiomer-specific analytical measurements of multi-
component mixtures.
Fig. 1 (a) 2+1 Resonance-enhanced multiphoton ionization (REMPI)
scheme: Two photons are necessary to excite vibrational levels of the
3s or 3p Rydberg states while another photon ionizes the molecule. (b)
Experimental setup for the vibrationally resolved PECD experiment using
a high resolution dye laser. A detailed description is given in the text.
2 Methods
2.1 Experimental Setup and Data Evaluation
The experimental setup is shown in Figure 1. A commercial
dye laser (Lambda Physik LPD 3000) was pumped by a Lambda
Physik LPX 315i XeCl excimer laser (10 Hz, 308 nm, 25 ns). The
output of the dye laser was tuned over the wavelength region
375–420 nm using the laser dyes QUI, PBBO, and Exalite 416.
The pulse energy was typically 3–6 mJ and the bandwidth was
0.1 cm−1. The approximate laser wavelength was measured us-
ing an Avantes AvaSpec 3648 spectrometer (324–482 nm range,
about 0.04 nm resolution). A more precise calibration was ob-
tained by comparing the peak positions in the REMPI spectrum
to those that were measured previously,50 which were calibrated
to an accuracy of ±0.03 cm−1 using a high-precision wavemeter
(HighFinesse, WS7).
The high-resolution spectrum of fenchone50 recorded with
linearly polarized light shows the partially resolved vibrational
structure of 3s and 3p electronic states (shown in blue in Fig-
ure 2). It agrees in the lower wavenumber range nicely with the
spectrum reported by Driscoll et al.,58 who recorded the 3s re-
gion. Different electronic intermediate states can be populated by
the two-photon transition. The two lowest-lying electric dipole-
allowed Rydberg transitions lead to electronic intermediates hav-
ing 3s and 3p Rydberg character.59 The transition from these in-
termediates to the continuum was observed to be governed by a
∆v= 0 propensity rule in a previous femtosecond experiment.50
The laser beam polarization was initially linear and oriented
in the plane of the detector. An achromatic quarter-wave plate
(B.Halle, 300–470 nm achromatic with air gap) was used to con-
vert linearly polarized (LIN) to left circularly polarized (LCP) or
right circularly polarized (RCP) light. The wavelength scan was
split into three parts corresponding to the dyes used. The qual-
ity of polarization was determined using a Glan-Laser polarizer
(ThorLabs GL10) and a power meter (Ophir Nova II). The circu-
larity of polarization is expressed via the Stokes |S3| parameter
and has been measured for each dye at different wavelength set-
tings. Except for one measurement point at 396 nm, where the
laser power was unstable, |S3| was well above 96%. No correc-
tion of the experimental data with respect to the |S3| value was
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The enantiopure (S)-(+)- and (R)-(−)-fenchone samples were
purchased from Sigma-Aldrich with a specified purity of 99.2%
(fenchone) and used without further purification. The enan-
tiomeric excess (e.e.) as measured by gas chromatography was
99.9% for (S)-(+)-fenchone and 84% for (R)-(−)-fenchone.44
Liquid fenchone, soaked into an inert cotton wad, was evaporated
in a heatable sample compartment near the tip of a home-built
pulsed solenoid valve nozzle, which is based on the Even-Lavie
design60 and has been described in detail previously.61 The fen-
chone sample was heated to about 100◦C, and 2.5 bars of He was
used as a backing gas. The supersonic beam was singly skimmed
before entering the detection chamber, where it is intersected by
the laser beam at a 90◦ angle.
An f = 300 mm plano-convex quartz lens was used to focus
the laser beam into the interaction region of an imaging photo-
electron spectrometer. The focal distance was chosen to avoid
power broadening of the absorption lines. The photoelectron
spectrometer, which has been explained in detail in previous
work,62 uses velocity map-imaging (VMI) as demonstrated by Ep-
pink and Parker26,27 with the ion focusing lens included in the
geometry of the repeller and ground plates. See Fig. 1 b). The
VMI provides an energy resolution of about ∆E/E ≈ 5%. Energy
calibration of the VMI was performed using ionization of Xe to
the 2P1/2 and 2P3/2 continuum states via a four-photon transition
driven by the third harmonic of a Nd:YAG laser. The VMI can be
used to project either the photoelectrons or the photoions onto
a home-built imaging detector composed of multi-channel plates
(BASPIK) with a 50 mm diameter and a P47 phosphor screen
(Proxivision). Three dimensional photoelectron angular distri-
butions (PADs) are projected onto the detector and measured as
PAD images using a 1.4 million pixel CCD camera (Unibrain Fire-
i 702b). The VMI voltage was set such that photoelectrons with
kinetic energy up to about 4.1 eV could be measured. Alterna-
tively, ion TOF mass spectra can be recorded on an oscilloscope
(Hameg model 1507-3; 150 MHz, 200 MS/s) via a capacitively
coupled output. At each wavelength, photoelectron images for
LIN, LCP, and RCP laser light polarization were averaged for 1800
laser pulses (∼ 3 minutes). The PECD image was calculated by
subtracting the averaged RCP PAD image from the averaged LCP
PAD image.
The original three-dimensional photoelectron distribution is re-
constructed using an Abel inversion routine, where two different
algorithms have been used. The LIN PADs were evaluated by a
polar onion peeling63 algorithm written in MATLAB. The polar
onion peeling algorithm runs on the pixel grid provided by the
camera. The LCP and RCP PADs were evaluated using a C++
based pBasex algorithm,64 which was kindly provided by G. A.
Garcia from SOLEIL. Details on the evaluation can be found in
the Supporting Information. We used a Legendre polynomial ba-
sis function set that includes both odd and even order polyno-
mials up to the 6th order following Yang’s theorem.65 Using the
pBasex algorithm, different peaks in the photoelectron spectrum
can be evaluated separately. The chiral signature is contained in
the odd-order Legendre polynomial coefficients. The magnitude
of PECD can be derived by computing a sum over the odd-order
coefficients ci normalized to the total signal c0, denoted as linear
PECD:40
LPECD=
1
c0
(
2c1− 12 c3+
1
4
c5
)
. (1)
The LPECD value for a measurement is derived using a weighted
average over the range of radii contained within the full width at
half maximum (FWHM) of the peak signal.
2.2 Computational Methods
Equilibrium structures and harmonic vibrational frequencies of
fenchone in the electronic ground state and various Rydberg
states were calculated on the approximate second order coupled
cluster level (CC2) using the so-called resolution of the iden-
tity (RI) as implemented in the quantum chemistry program Tur-
bomole.66 As in some of the calculations reported in previous
work,51 we have chosen the cc-pVTZ basis set on all atoms except
oxygen. For the latter we chose the t-aug-cc-pVTZ basis set. For
C and H we chose the corresponding recommended RI basis sets
(cbas, jkbas), for O we used the basis set recommended for d-aug-
cc-pVTZ for fitting of the Coulomb and exchange terms (jkbas)
and the original t-aug-cc-pVTZ basis also as RI basis set within
the electron correlation treatment (cbas). The latter choice is not
ideal, but resulted, in contrast to test calculations with the RI ba-
sis recommended for d-aug-cc-pVTZ, only in vertical excitation
wavenumbers into the relevant Rydberg states that are systemat-
ically lower by about 46 cm−1 to 50 cm−1. Resulting structural
changes in the electronic ground state were found to be negligi-
ble. Electrons in the 11 energetically lowest molecular orbitals,
which are composed mostly of atomic 1s orbitals of oxygen and
carbon, were kept frozen in the electron correlation treatment
(frozen core approximation). Convergence criteria for the self-
consistent field (SCF) energies were chosen to be 10−9 Eh. Con-
vergence criteria for the root mean square of the density matrix
used in energy minimization and vibrational frequency calcula-
tions was on the order of 10−8. Ground state coupled cluster
equations were iterated until the energy change between two cy-
cles remained below 10−8 Eh. The convergence threshold for the
norm of residual vectors in subsequent linear response calcula-
tions of excitation energies was chosen on the 10−6 level. Con-
vergence criteria for equilibrium structures were imposed such
that the norm of analytic gradients of the energy with respect
to displacements of the nuclei remained below 10−5 Eh a−10 and
the estimated energy change between two optimization steps was
below 10−8 Eh. Franck–Condon profiles for excitations from the
electronic ground state into the various Rydberg states were cal-
culated with a development version of the hotFCHT program67–69
using both time-dependent and time-independent methodologies
in the harmonic approximation. In the time-dependent approach,
a Gaussian lineshape function with a full width at half maximum
of 10 cm−1 was chosen to mimic the approximate width of the 000
transition region of the 3s state. The time-independent approach
was utilized with pre-screening criteria such that at least 97% of
the total integrated FC profile could be obtained. A maximum of
five simultaneously excited normal modes was included for this
purpose. The graining in the time-independent calculations was
1–8 | 3
chosen to be 1 cm−1. The calculated spectra are compared with
experiment in Figure 2.
3 Results and Discussion
3.1 Resonance Enhanced Multiphoton Ionization
The 2+1 REMPI spectrum recorded with linearly polarized light
shown in blue in Figure 2 probes the excitation via the 3s state
at energies >48000 cm−1 and the excitation via the 3p states
at energies >51500 cm−1. Vibronic transitions are on average
well separated below excitation energies of 48300 cm−1. In this
region, the nanosecond laser (0.1 cm−1 bandwidth) populates
mostly single vibrational eigenstates during the REMPI process.
With increasing wavenumber, however, the vibrational density
of states grows rapidly, so that zero-order bright states are excited
that can couple to a manifold of dark vibrational states located
within the 0.1 cm−1 laser bandwith leading at higher wavenum-
bers to IVR probably on a subpicosecond timesscale.70 Spectral
lines at energies above 51500 cm−1 are significantly broadened
indicating a fast dissipation channel out of the 3p Rydberg states.
In the plots, the origins of the computed Franck–Condon pro-
files were shifted by about 4500 cm−1 (namely 4348 cm−1, 4257
cm−1, 4466 cm−1, 4746 cm−1 for 3s, 3p1, 3p2, 3p3, respectively)
to higher wavenumbers compared to the computed 000 transitions
to match the experimentally observed spectrum. This corresponds
only to one of several tentative assignments that appear possible
for the three components of the 3p Rydberg state. The lowest
fundamental vibration at 48090 cm−1 is a delocalized butterfly
motion of the ring systems. Vibrations between 48170 cm−1 and
48300 cm−1 are methyl torsional and skeletal modes. More de-
tails about the vibrations can be found in the Supporting Infor-
mation.
We recorded photoelectron images at 27 ((R)-(−)-fenchone)
and 34 ((S)-(+)-fenchone) selected excitation wavelengths be-
tween 375 nm and 420 nm for LIN, LCP, and RCP laser light. At
wavelengths longer than 412 nm, the wavelength was tuned to
the center of each resolved spectral feature in the REMPI spec-
trum. At the employed laser pulse energy no signal was observed
off resonance. At wavelengths shorter than 412 nm, where the
onset of a continuous unresolved background is observed, PAD
images were recorded at 1 nm intervals. The photoelectron spec-
trum (PES) obtained for different excitation wavelengths of lin-
early polarized light are shown in Figure 3(a). Each PES con-
tains a sharp, intense peak corresponding to ionization from the
3s intermediate state. At wavelengths shorter than about 389
nm a weak second contribution originating from excitation of the
3p intermediate states is observed in the PES. As the wavelength
is scanned, the photoelectron peak position shifts by an amount
equal to the change in the one-photon energy in agreement with
findings in a previous femtosecond experiment.50 The scaling
of photoelectron energy with excitation wavelength agrees well
with hc/λ − (IP−E3s,3p) (shown as white lines in Figure 3(a)).
IP = 8.5 eV is the adiabatic ionization energy of fenchone,50,71
and E3s = 5.95 eV and E3p ≈ 6.37 eV are the electronic ener-
gies of the 3s and 3p intermediate states.50 The photoelectron
energy scaling indicates essentially vibrational-energy conserv-
S
0
S
0
S
0
S
0
Fig. 2 Experimental 2+1 REMPI spectrum recorded with linearly po-
larized light of fenchone involving the 3s ← n and 3p ← n transitions
shown in blue. For comparison, the calculated Franck-Condon profiles
for the transition to the 3s state (red) and the transitions to the three
components of the 3p state, denoted here by 3p1, 3p2, and 3p3 (green,
purple, turquoise) are shown. The origin of the individual profiles have
been shifted by about 4500 cm−1 (namely 4348 cm−1, 4257 cm−1, 4466
cm−1, 4746 cm−1 for 3s, 3p1, 3p2, 3p3, respectively) to higher wavenum-
bers compared to the computed 0-0 transition wavenumbers. See text for
more information. Intensities of the different FC profiles were scaled such
that all 0-0 transitions are normalized to the same intensity. In the bot-
tom panel, an enlarged view of the region around the band origin of the
3s state, where the vibrational levels are well resolved, is shown. Tran-
sitions to individual vibrational eigenstates are indicated by blue arrows
with their length being unrelated to the Franck-Condon factor.
ing one-photon ionization out of the intermediate states which
points to their potential energy surfaces being nearly parallel to
the cationic one.
The intensity of the 3p peak relative to the 3s peak is signifi-
cantly weaker than it is in the PES recorded in the same spectral
range with femtosecond laser pulse ionization, where the contri-
bution of the 3p state is larger than the contribution of the 3s
state (see Figure 5 of reference 50). However, we observe a sharp
increase in the total ion signal of about one order of magnitude
when the 3p excitation threshold is reached. See excitation en-
ergies higher than 51500 cm−1 in Figure 2 and compare to the
signal below 51500 cm−1, which corresponds to transitions via
the 3s state and is non-zero. This observation is consistent with
internal conversion (IC) from the 3p state to the 3s state, leading
to a shortened lifetime of the 3p state and hence to less ionization
out of this state. Instead, molecules are ionized from the 3s state
and emit photoelectrons carrying the energy signature of the 3s
state (i.e. without the energy that has been converted to vibra-
tional excitation in the 3s state). In general IC to the electronic
ground state S0 or to the energetically low-lying S1 (n→ pi∗) ex-
cited state is also energetically possible. These states would be
highly vibrationally excited after IC and are not observed in our
experiment probably due to negligible Franck-Condon factors for
ionization at the energy that is probed. However, keeping in mind
that the total ion signal grows when exciting via the 3p state, and
that the photoelectrons carry the energy signature from the 3s
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Fig. 3 (a) Wavelength-dependent PES derived from the LIN PADs for
(S)-(+)-fenchone after Abel-inversion using polar onion peeling. 63 Every
row represents a single measurement, where up to two distinct electronic
intermediates were observed. The expected energy scaling with h¯ω is
indicated by the white lines. (b) Mass spectrum for (S)-(+)-fenchone ob-
tained at the 3s band origin at 416.57 nm. A detailed discussion can be
found in the text.
state, our observations suggest that 3p→3s IC may be much more
rapid than 3p→S0/S1 IC due to the unfavorable Franck-Condon
overlap for the latter processes. In contrast, when 2+1 REMPI
via the 3p state is performed using a femtosecond laser pulse,
the timescale of the experiment is too short for 3p→3s IC to oc-
cur, and direct ionization out of the 3p state is observed more
frequently.57 The intensity of the 3p Rydberg state peak in the
photoelectron spectrum is therefore significantly higher than ob-
served in the nanosecond laser experiment.
Pump-probe experiments conducted at 49800±200 cm−1 have
shown that the 3s state undergoes internal conversion to the elec-
tronic ground state on a timescale of approximately 3.3 ps.49
The width of the vibrationally resolved lines in the 48000–
48500 cm−1 region of our spectrum provides only a lower limit
to the lifetime since the rotational structure is not resolved. As-
suming a 10 K rotational temperature, and using the rotational
constants reported in reference 72, we obtain a simulated rota-
tional contour with a FWHM of approximately 5 cm−1, which de-
pends by only a small amount on which component of the rank-
two transition moment tensor is chosen. This value is only slightly
narrower than the observed 9.1 cm−1 FWHM of the 000 transition.
The observed width corresponds to a lower limit of about 0.6 ps
for the lifetime. This value is in reasonable agreement with the
above mentioned lifetime of about 3.3 ps attributed to IC to the
electronic ground state.49
The photoionization mass spectrum obtained at the band origin
of the 3s state at 416.57 nm is shown in Figure 3(b). No parent
ion is observed and the mass spectrum shows strong fragmenta-
tion of the molecules. Prominent fragments with largest mass-to-
charge ratio have masses 69 and 81 amu. The observations made
here are in agreement with previous nanosecond findings.57 It
should be noted that the REMPI spectrum presented in Figure 2
and Figure 5 has been measured in a previous study at signifi-
cantly reduced laser pulse power and was recorded on the parent
ion mass.50 An increase in laser intensity leads to increased frag-
mentation but no change in the PECD as has been observed in a
previous fs experiment.40 In neither study was the PES or PECD
strongly influenced by the fragmentation of the molecules. We
Fig. 4 Photoelectron velocity map images for (S)-(+)-fenchone ionized
via 2+1 REMPI via the 000 transition to the 3s state using 416.57 nm light
(top row) and via transitions to both the 3s and 3p states using 380.2
nm light (bottom row). The left-hand column shows the photoelectron im-
ages obtained using LIN and the right-hand column shows the antisym-
metrized PECD images. In the upper half of each PECD image, the raw
data is shown and in the lower half the Abel-inverted image is shown. In
the images obtained with 380.2 nm light, the kinetic energy of the intense
inner ring and weak outer ring correspond to vertical ionization from the
3s and 3p Rydberg states, respectively.
thereby conclude that fragmentation of the molecules happens af-
ter the ionization in agreement with previous findings.40,57 In a
recent coincidence experiment on methyloxirane, a link between
PECD and the fragmentation channels in strong field ionization
has been reported.73
3.2 PECD Evaluation
We calculate the raw PECD image at each wavelength by sub-
tracting the RCP PAD image from the LCP PAD image.40 In Figure
4 we show the antisymmetric part of the raw and Abel-inverted
PECD image for the 000 transition at 416.57 nm and for excita-
tion at 380.2 nm, where ionization via either the 3s or 3p states
is possible. We observe a distinct forward/backward asymmetry
of emitted photoelectrons with respect to the propagation axis of
light.
From the raw PECD images, we calculate LPECD values for ion-
ization via the 3s Rydberg state at each selected wavelength as
described in Section 2.1. The results for both enantiomers are
shown in Figure 5 alongside the high-resolution REMPI spectrum
of fenchone. Within the error of our experiment we observe the
same magnitude (but opposite sign) for the two enantiomers tak-
ing into account the previously determined44 enantiomeric pu-
rity of 84% of (R)-(−)-fenchone. The LPECD decreases slightly
in magnitude at shorter wavelengths. We could not extract reli-
able LPECD values for ionization from the 3p Rydberg state due
to poor signal-to-noise ratio (see Figure 4).
The LPECD values recorded after nanosecond laser ionization
are larger in magnitude than the LPECD values recorded after
femtosecond laser ionization50 over the measured energy range.
The wavelength-dependent LPECD curves of the two measure-
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Fig. 5 A) High-resolution 2+1 REMPI spectrum showing partially re-
solved vibrational structure in the intermediate state (blue curve) and
LPECD values for both enantiomers (green circles and crosses) for the
3s Rydberg state. Based on multiple measurements taken at a fixed
frequency we deduce a relative experimental error of ±10%. The blue
y-axis on the left side refers to the REMPI spectrum. The green y-axis
on the right side refers to the LPECD values of (S)-(+)-fenchone and
(R)-(−)-fenchone. As indicated in the legend, the LPECD values of (R)-
(−)-fenchone have been multiplied by − 10.84 . B) Enlarged view of the 3s
band origin.
ments exhibit the same shape but are shifted vertically relative to
one another by a value of ca. 0.025. However, it should be noted
that the femtosecond laser LPECD values were recorded using an
effusive beam source, whereas the nanosecond laser LPECD val-
ues were recorded using a pulsed molecular beam. Hence, vibra-
tional and rotational excitation in the electronic ground state was
greater in the femtosecond laser experiment and caution should
be taken in making a direct comparison of the results.
As described in the previous section, we distinguish different
regions of the spectrum in which the molecular dynamics are dif-
ferent. First, at wavelengths between 416.57 nm and 412 nm the
density of vibrational levels in the 3s state is low so that we ionize
fenchone essentially out of a true vibrational eigenstates. Second,
at wavelengths between 412 nm and 388 nm, the density of states
(DOS) is high, so that we ionize molecules whose vibrational en-
ergy is redistributed over a large number of coupled vibrational
levels of the 3s state after IVR. Mode selective IC to the electronic
ground state could also influence the vibrational state distribu-
tion.49 Third, at wavelengths shorter than 388 nm we excite both
the 3s and the 3p states. However, internal conversion via 3p
dominates the mechanism for ionization via 3s. Hence, the zero-
order 3s vibrational state distribution is governed by vibronic cou-
pling between initially populated vibrational levels of the 3p state
and vibrational levels of the 3s state.
When comparing the LPECD values in the distinct spectral re-
gions described above, we do not observe any abrupt changes of
LPECD values. Furthermore, we do not observe any pronounced
features in the LPECD values that correspond with resolved vi-
brational bands in the REMPI spectrum at the 3s origin between
416.57 nm and 412 nm. The LPECD value varies by ca. ±3% (ab-
solute) when ionizing via different vibrational states, which is at
the level of the experimental error of this measurement.
We therefore conclude that the vibrational energy of the in-
termediate 3s Rydberg state does not significantly influence the
PECD of fenchone after 2+1 REMPI. This perhaps reflects the
Rydberg character of the intermediate electronic state. The elec-
tron’s probability density is located relatively far from the molec-
ular frame prior to ionization. The movement of the nuclei might
therefore have only minor influence on the outgoing electron.
This could be advantageous for future experiments as vibrational
levels of the intermediate Rydberg state can be treated as spec-
tator states, which do not influence the photoelectron angular
distribution or energy in experiments on a nanosecond timescale.
However, further experiments on different chiral molecules need
to be done to clarify whether these observations can be general-
ized.
4 Summary and Conclusion
We used nanosecond laser pulses to obtain the photoelectron cir-
cular dichroism (PECD) of the chiral molecule fenchone after 2+1
resonance enhanced multi-photon ionization (REMPI) via the 3s
and 3p Rydberg states for selected ionization energies in the spec-
tral range between 375 nm and 420 nm. In contrast to previous
studies using femtosecond laser ionization, we resolve vibrational
structure in the REMPI spectrum, and assign LPECD values to dis-
tinct intermediate vibrational levels of the 3s Rydberg state. We
do not observe any strong dependence of the LPECD value on
the vibrational level of the intermediate state, which might be
a consequence of its Rydberg electronic character. An accom-
panying computational study identifies the different vibrational
modes that give rise to the peaks observed in the 2+1 REMPI
spectrum. We demonstrate the feasibility of PECD measurements
with tabletop nanosecond dye laser systems, which can be used
to investigate chiral mixtures via high resolution REMPI assisted
PECD measurements.
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